Mechanical ventilation is one of the most commonly applied interventions in intensive care units. Despite its life-saving role, it can be a risky procedure for the patient if not applied appropriately. To decrease risks, new ventilator modes continue to be developed in an attempt to improve patient outcomes. Advances in ventilator modes include closed-loop systems that facilitate ventilator manipulation of variables based on measured respiratory parameters. Adaptive support ventilation (ASV) is a positive pressure mode of mechanical ventilation that is closed-loop controlled, and automatically adjust based on the patient's requirements. In order to deliver safe and appropriate patient care, clinicians need to achieve a thorough understanding of this mode, including its effects on underlying respiratory mechanics. This article will discuss ASV while emphasizing appropriate ventilator settings, their advantages and disadvantages, their particular effects on oxygenation and ventilation, and the monitoring priorities for clinicians.
Introduction
Mechanical ventilation support is a procedure often used in intensive care units. Despite being a technology that can potentially save lives, it is not devoid of risk, and if not used properly, it may even exacerbate lung damage or worsen the clinical outcomes.
The main objective of most ventilation support systems is to maintain both adequate oxygenation and ventilation, it reduces the work of breathing (WOB) and improves the comfort of the patient until the condition that forced the need for this technique has been reversed or alleviated. In an effort to meet these objectives, a variety of ventilatory modes have been developed that can potentially reduce complications, shorten the duration of mechanical ventilation and thus improve clinical outcomes.
The adaptive support ventilation (ASV) is one of the newer modes. It is considered a closed-loop controlled ventilatory mode, which is designed to ensure optimization of the patient's WOB. This article seeks to review the current literature in order to offer the reader updated operating principles, practical applications, and evidence in different clinical scenarios.
Closed-Loop Systems
There is a variety of ways to manipulate the control variables during mechanical ventilation. The two basic categories are the open-loop control and closed-loop control. The closed-loop control involves a positive or negative feedback of the information on the respiratory mechanics of the patient, based on measurements made almost continuously, which can be modified or adapted in a more physiological and individualized ventilatory support manner. [1, 2] The two basic methods for closed-loop include: Control between breaths (inter-breath) which refers to the setting of control between each breath, but keeping it constant throughout the breath cycle; and intra-breath control, which does it within the same breath. [3] Go to:
Go to:
In the closed-loop system, the output of gas is measured by providing a feedback signal that can be compared with the input value. The classical system of negative feedback control differentiates between input and output of gases, thus generating an error signal used to adjust the output so that it matches the input. The feedback control forces the gas output to become stable in the presence of environmental changes (such as leakage of the circuit, changes in lung mechanics, and respiratory muscle strain). This also automatically applies lung protection strategies, reducing the risk of errors committed by the operators [ Figure 1 ].
Figure 1
Closed-loop feedback system. The operator preset a target tidal volume (VT), through a feedback signal, the system measures the tidal volume of the patient (VT observed). The target VT and VT observed are compared (added or subtracted) and then an error ...
Among the closed-loop systems available are Proportional Assist Ventilation (PAV), Neurally Adjusted Ventilatory Assistance (NAVA), Knowledge-Based Systems (KBS), and ASV. The first three (PAV, NAVA, and KBS) are basically advanced versions of Positive Pressure Support Ventilation (PSV) and therefore are considered to be "ventilatory modes".
On the other hand, ASV combines various ventilatory modes: PSV, if the patient's respiratory rate (RR) is higher than the target: Pressure controlled ventilation, if there is no spontaneous breathing; and synchronized intermittent mandatory ventilation (SIMV), when patient's RR is lower than target. This has led many authors to call it the "no mode" or "integrated mode" or "three in one way." [4] History ASV evolved as a form of mandatory minute ventilation (MMV) implemented with adaptive pressure control, and described by Hewlett in 1977. [5] MMV is a mode that allows the operator to preset a target minute ventilation, the ventilator then supplies either volume or pressure-controlled mandatory breaths if the patient's spontaneous breaths generate a lower minute ventilation. Despite the efforts of manufacturers to popularize it, the acceptance of this mode was not widespread, possibly due to a combination of limitations and clinician's lack of understanding of it. MMV limitations include: Development of fast and ineffective breathing, development of auto-positive endexpiratory pressure (auto-PEEP) delivering dangerously high-tidal volumes (VTs) and increased dead space. Clinician's lack of understanding results in inappropriate programming. [6] ASV technology invention is credited to Dr. Fleur T. Tehrani (clinical engineering professor at the University of California, USA) who used a modified version of the equation described by Otis et al. in 1950 . [7, 8] ASV first clinical application was described in 1994 by Laubscher et al. [9, 10] It became commercially available in Europe in 1998, but it was not until 2007 that it was marketed in the United States. It is considered to be the first commercially available ventilator system that uses an "optimal" targeting schema [11] . In this context, "Optimal" means minimizing the mechanical WOB: The machine selects a VT and frequency that the patient's brain would presumably select if the patient were not connected to a ventilator. This pattern is assumed to encourage the patient to generate spontaneous breaths. This mode provides specific minute ventilation and a breathing pattern optimized to the point of the smallest total energy expenditure, and it is based on patient's requirements. Thus, the ASV replaces other ventilatory modes designed solely for a specific phase of mechanical ventilation. It can be used for total or partial ventilatory support during the initiation, maintenance or weaning from mechanical ventilation. [11] ASV Concept ASV is a new ventilatory mode, which uses a closed-loop controlled mode between breaths. The ventilator allows the clinician to set a maximum plateau pressure and desired minute ventilation based on the patient's ideal weight. It automatically selects the target ventilatory pattern based on user inputs, as well as taking into account the respiratory mechanics data from the ventilator monitoring system (resistance, compliance, auto-PEEP). Thus, this mode can be safely used during initiation, maintenance, or weaning phases of the mechanical ventilation. ASV's goal is to ensure an effective alveolar ventilation level, minimizing the WOB, land leading the patient to an optimal ventilatory pattern in order to reduce complications such as volutrauma or barotrauma and air trapping. [6] 
Operating Principles
The clinician, at the bedside, sets a target percent of minute ventilation (% MV) to be given to the patient, based on the ideal body weight (IBW). Additionally, the operator must assign PEEP, FiO and maximum pressure alarm (P ). Thus, minute ventilation (V ) is calculated as the ratio between the ventilation resulting from IBW and the minute ventilation (% VM) set by the user. The ideal weight is calculated according to the Radford nomogram, which takes into account the patient's height. 
Otis Equation
Where f is the RR, RC = airway resistance * respiratory compliance = time constant, Min Vol = minute ventilation, V = dead space, a = (2π )/60 = 0.33 (constant for sinusoidal flow). This is best exemplified in Figure 2 where Point A clearly shows that in order to maintain alveolar ventilation with very low RR, it is needed to use large VTs, which implies a high level of WOB. On the other hand, Point B, shows that a high amount of muscular effort is required to maintain adequate alveolar ventilation at high RRs (and low volume) in an attempt to overcome the resistance to flow. However, there is an optimal RR, which is the least costly in terms of WOB (Point C).
Figure 2 Tidal volume against respiration rate
Then the ASV mode uses a logarithm that calculates a target RR and objective VT based on Otis equation described above. ASV may select a pattern of high-and low-VT RRs in a patient with restrictive lung disease, and respiratory pattern with low frequency and high-VT in case of obstructive pathology. [6] The expiratory time constant is calculated based on lung air resistance and respiratory compliance (RC = airway resistance × respiratory compliance = time constant) and is determined by the analysis of the flowvolume curve, in which ASV can adjust I:E relation and the target rate in order to keep the target volume within a margin of safety. [13] These principles are outlined in Figure 3 . The operator sets % VM, P , PEEP and FiO . The system by calculations described above and by a dual closed-loop system (RR goal and target VT) it calculates the RR and volume in which there is the lowest WOB (thus more efficient ventilation) within safety margins, adjusting inspiratory pressure and I:E ratio to achieve the desired goals. 
General Principles
The ASV is a ventilatory mode that adapts to patient respiratory effort. Depending on the spontaneous RR, ASV can work as PCV, if there is no spontaneous breathing; as pressure SIMV (P-SIMV), when patient RR is lower than target; or as PSV, if the RR is higher. Pressure level is then adapted to attain the target VT (within limits imposed by pressure alarms). Cycling off criteria is flow based in the case of assisted ventilation or time based for mandatory inspiration. To summarize it, any changes in respiratory mechanics and effort of the patient is accompanied by a dynamic pattern of breathing that gradually guides the patient to the new goal where there is a higher energy efficiency with minimal effort.
The safety rule, applied breath by breath, maintains ventilatory parameters within safe limits as shown in Figure 5 . For this reason, if the patient is actively breathing, ASV automatically increases the number of pressure-controlled mandatory breaths necessary to maintain the target VM. Additionally, the safety limits prevent RRs and/or VT too high or too low, to minimize intrinsic PEEP, hyperventilation, increased dead space volume and barotrauma. In this way the operator can monitor trends and determine the patient condition and its interaction with this mode. Once started, ASV provides a series of test breaths or test mode P-SIMV (with RRs between 10 and 15 min according to ideal body weight and assigned to inspiratory pressure above 15 cm H O pressure basal), in which it measures the expiratory time constant for the respiratory system, and uses this along with the estimated dead space and normal minute ventilation in order to calculate an optimal breathing frequency in terms of mechanical work. During this breathing test, the ventilator measures compliance, R , VT, and RR based on selected inspiratory time (T ), mandatory rate (f), and inspiratory pressure (P ), according to the height (adult or pediatric age range) that the operator sets. In order to have a VT and RR target are determined within safety limits. [14] This means that the pressure limit is automatically adjusted to achieve an average delivered VT equal to the target. The ventilator continuously monitors the mechanics of the respiratory system and adjusts its settings accordingly.
Follow-up
Once some stability is achieved, it is recommended to monitor ventilatory settings and perform arterial blood gases, which can guide on how to adjust parameters [ Table 2 ]. Table 2 Min Vol optimize% based on blood gas Decreases in % VM are performed according to clinical criteria and arterial blood gases results. % VM can be lowered 10% to 10% to 25% if there is an adequate patient effort and are above the requirements, until the withdrawal of ventilatory support when the settings are minimal. ASV parameters are considered to be minimal when all breaths are spontaneous (no mandatory breaths) and inspiratory pressure is ≤8 cm H O above baseline. The patient monitoring practice can be done in two ways: By observing the level of support provided by the ventilator and observing patient effort in the monitor screen [ Table 3 ]. [6, 15] There are many reports about using ASV in patients after cardiac surgery. Sulzer et al. [16] conducted a prospective, randomized controlled trial in uncomplicated patients after cardiac surgery and found that patients on ASV mode required less time on mechanical ventilation than those on SIMV followed by pressure support (PS).
Petter et al. [17] conducted a similar study, comparing ventilatory extubation in ASV mode and SIMV + PS in postoperative cardiac surgery patients, both approaches showed equal outcomes. However, those patients on ASV had fewer ventilator manipulations and fewer alarms that could be interpreted as a medical resource saving benefit.
Cassina conducted a prospective observational cohort study, including 155 consecutive patients after cardiac surgery, confirming the safety benefit of ASV mode. 134 patients (86%) were successfully extubated within 6 h, with an average intubation of 3.6 (2.53-4.83) hours (quartiles), and no re-intubation due to respiratory failure. [18] Concluding that ASV allows rapid extubation in selected patients and can facilitate respiratory management of post-surgery patients.
Recently, Dongelman et al. [19] conducted a randomized controlled study in patients with post-coronary bypass, comparing extubation time in patients with ASV against PCV/pressure support and demonstrated that ASV is safer and more useful even when the extubation time was similar in both modes.
ASV Weaning Mode
ASV can be used as a method of weaning in both acute and chronic patients. Linton et al. [20] conducted some weaning trials in chronic respiratory patients, showing that ASV is a cost-saving mode in terms of need for respiratory therapists and intensive care personnel. On admission, 27 patients were assigned to 90% ASV target VM being reduced by 10% weekly to a target VM percentage of 60% according to patient tolerance. [21] Twenty patients were successfully weaned within 2 weeks to 2 months in the first year after the establishment of the facility. [16, 22] 
Lung Protective Strategy
Belliato et al. [23] evaluated ASV mode in patients with normal lungs, patients with restrictive pulmonary diseases, obstructive diseases and in pulmonary physical model with a normal level and high minute ventilation. In postoperative patients with normal lungs, ASV selected a ventilatory strategy close to the physiological one. In patients with COPD, ASV selected a high expiratory time pattern and in patients with restrictive conditions a pattern with low VTs. In the model, the selection was similar. In the hyperventilation test, ASV assigned a balanced increase between VT and RR. The authors concluded that ASV can select an adequate ventilatory pattern for a wide range of lung conditions.
Arnal et al. conducted a prospective observational cohort study, similar to the former, in order to determine the breathing pattern generated by ASV in various pulmonary conditions. Included 243 patients categorized as: Normal lung, acute lung injury (ALI), COPD, and restrictive lung disease. Daily information was collected on ventilation parameters, respiratory patterns and arterial blood gases. [15] They concluded that in passively ventilated patients ASV is able to change the delivered pattern (VT and respiratory frequency FR) based on the underlying condition, offering higher VT and lower RR in COPD patients than in those with ALI.
Tassaux et al. [24] conducted a prospective crossover study in 10 patients with acute respiratory failure of diverse etiology during an early weaning period. The results showed that for a given level of minute ventilation, ASV patients had a lower WOB based on the measurement of respiratory muscle activity (electromyography), and also achieved better patient-ventilator interaction when compared to in the SIMV mode connected patients.
Recently, Sulemanji et al.[25] compared ASV mode with ventilation strategy using a fixed VT 6 ml/kg. They concluded that in a lung model with different mechanics, ASV was superior in preventing potentially harmful effects of excessive plateau pressure (greater than 28 cm H O) than with fixed VT 6 ml/kg, this is because ASV automatically adjusts PVA, which results in lower VTs.
ASV Versus Other Ventilatory Modes
Gruber et al. [26] 
In-Pediatric Patients
It is limited to case reports. Brown and Duthie describe a case of a pediatric patient (11 years) with status asthmatics, demonstrating that ASV results in a decrease peak pressure without causing auto-PEEP. 
Other benefits
Jung et al. [30] conducted a study with healthy pigs and compared the effects of ASV versus controlled ventilation in vivo and in vitro in terms of the effects these modes could have on diaphragm muscle. They concluded that ASV protects the diaphragm against the deleterious effects of prolonged mechanical ventilation and also helps maintain an adequate contraction of the diaphragm as demonstrated by measurements of transdiaphragmatic pressure and phrenic nerve conduction.
Summary
ASV is an advanced mode with many advantages. First, it keeps normal ventilation and promotes the ventilatory pattern associated with the best energetic. Second, and taking into account spontaneous breathing, it is useful to prevent tachypnea, the development of auto-PEEP and excessive dead space ventilation. It can be safely used in cases of apnea or low respiratory drive, and adapting to respiratory effort of the patient (spontaneous or not) without exceeding the plateau pressure preset by the operator.
All this includes the advantage of a lung protective strategy and the decrease of the use of resources. It can be used in both acute and chronically ventilated patients, and as a strategy for initiation, maintenance or weaning. However, controlled studies are needed to clarify the role of ASV in clinical practice and its impact mortality in severely ill patients.
